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 
Abstract— Laws mandate that electric vehicles emit sounds to 
ensure pedestrians’ safety by alerting pedestrians of the vehicles’ 
approach.  Additionally, manufacturers want these sounds to 
promote positive impressions of the vehicle brand.  A reliable and 
valid methodology is needed to evaluate electric vehicles’ exterior 
sounds. To help develop such a methodology, this paper examines 
automotive exterior sound evaluation methods in the context of 
experimental design and cognitive psychology.  Currently such 
evaluations are usually conducted on-road or inside a laboratory, 
yet a virtual environment provides advantages of both these 
methods but none of their limitations.  The stimuli selected for 
evaluations must satisfy legislative guidelines.  Methods for 
presenting and measuring the stimuli can affect study outcomes.  
A methodology is proposed for conducting evaluations of an 
electric vehicle’s exterior sounds, testing its detectability and 
emotional evaluation. An experiment tested the methodology.  
Thirty-one participants evaluated an electric car in a virtual 
environment of a town’s T-junction with 15 exterior sounds as 
stimuli.  The car’s arrival time, direction of approach and thus 
distance to pedestrian varied across conditions.  Detection time of 
the sound, and pleasantness and powerfulness evaluations of the 
car were recorded.  The vehicle’s arrival time and approach 
direction affected its detectability and emotional evaluation, thus 
these are important elements to vary and control in studies. 
Overall the proposed methodology increases the realistic context 
and experimental control than in existing listening evaluations. It 
benefits by combining two competing elements necessary for 
assessing electric vehicle exterior sounds, namely pedestrian 
safety and impressions of the vehicle brand. 
  
Index Terms— Electric vehicle sounds, emotional evaluation, 
vehicle detection, virtual environments.   
I. INTRODUCTION 
lectric vehicles are quieter at low speeds compared to 
combustion engine vehicles.  Research suggests that the 
sound pressure level of an electric vehicle can be 3 to 20 
dB(A) lower than an internal combustion engine vehicle of a 
similar make and weight when operating below 6 ms-1 [1].  
Concerns have been raised that this may pose a threat to the 
safe travelling of pedestrians and cyclists [1]–[3].  To resolve 
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this issue, researchers propose environmental regulations such 
as reducing background sounds and vehicles’ maximum noise 
level limits; infrastructure based solutions such as auditory 
pedestrian signals, pedestrian detection systems; orientation 
and mobility training for blind pedestrians; pedestrian-held 
devices to generate audio/tactile signals upon a car’s 
approach; and vehicle-based devices to generate artificial 
sounds during vehicle operation [2], [4].  The former measures 
are currently not feasible due to long implementation times, 
high costs, and opposition from blind community [2].  
Therefore, emission of additional sounds from the electric 
vehicles is considered as the most feasible option.   
Laws have been enacted worldwide for such electric vehicle 
sounds. Japan’s Ministry of Land, Infrastructure, Transport 
and Tourism have mandated that electric and hybrid vehicles 
be fitted with a sound generating device. This device is called 
an “Approaching Vehicle Audible System” (AVAS) which 
emits sounds to inform pedestrians and other road users of the 
vehicle’s approach to avoid a potential collision [5].  The 
Pedestrian Safety Enhancement Act of 2010 in USA has 
directed the US department of transportation to establish a 
safety standard for electric and hybrid vehicles for alerting the 
pedestrians of the vehicles’ operation [6].  Consequently, the 
US government has issued a Federal Motor Vehicle Safety 
Standard (FMVSS) that mandates these vehicles be fitted with 
devices that emit sounds to alert pedestrians, cyclists and other 
road users of the vehicles’ approach [7].  A similar standard, 
called Global Technical regulation (GTR), has been 
formulated by the United Nations Economic Commission for 
Europe (UNECE) [8].  Like Japan, the UNECE also mandates 
an AVAS for electric and hybrid vehicles in Europe [8], [9]. 
GTR states the harmonized operational criteria and acoustic 
specifications of AVAS for Europe [8].  Research by these 
organizations show that electric vehicles’ inherent sound 
increases with increasing speed as the tire-road sound 
becomes more dominant, therefore additional sound is only 
required below a certain speed [1], [2], [5]–[8].  Therefore to 
ensure pedestrians’ safety, electric vehicles need to emit 
additional sounds at or below 5.6 ms-1 to 11.4 ms-1 (20 to 41 
km/h) depending on the vehicle make, and also at idle and 
reverse [5], [7]–[9]. 
A pedestrian upon hearing these sounds could evaluate the 
electric vehicle as a potential consumer who may want to 
purchase or simply hear the vehicle pass-by.  Therefore, 
vehicle manufacturers will want these sounds to promote 
positive impressions of the vehicle brand [10].  At the same 
time, we do not want to lose the soundscape benefits of the 
current ‘quietness’ of these vehicles.  The non-engine based 
electric vehicle sounds must not add to the existing traffic 
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noise related annoyance.  Therefore, it is important to ensure 
that these sounds produce an overall neutral or positive effect 
on soundscapes.  Safety, brand, and soundscapes are the 
competing criteria for the evaluation of exterior sounds of 
electric vehicles.  
Currently, these vehicles sounds are evaluated using basic 
detection tests.   However, considering all these competing 
issues, a rigorous methodology is needed to evaluate potential 
electric vehicle sounds to ensure they are detectable enough 
and also promote positive impressions of the vehicle brand.  
Furthermore, the methodology should enable examining the 
effects these new sounds will have on soundscapes and 
community annoyance.  
This paper examines the state-of-the-art automotive exterior 
sound evaluation methods to propose a methodology for 
conducting evaluations of an electric vehicle’s exterior 
sounds. An evaluation experiment is performed that uses the 
proposed methodology to assess the “detectability” of the 
sounds (how detectable the sound is), and emotional 
evaluations of an electric car based on listening to its sounds 
by pedestrians.  The proposed methodology is then reviewed 
in light of the results of the experiments.   
II. LISTENING EVALUATIONS: STATE-OF-THE-ART 
This section examines the state-of-the-art evaluation 
methods of automotive exterior sounds in the context of 
experimental design and cognitive psychology. The aim is to 
propose a rigorous methodology for assessing electric 
vehicle’s exterior sounds.   
The major aspects of any listening evaluation are: the 
listening environment during the evaluation, participants used 
as evaluators, stimuli preparation and delivery, measurement 
scales for data collection, and analysis methods [11], [12].  
These aspects are dependent on the purpose of evaluation [11], 
[12].  A review of these aspects in relation to evaluating 
electric vehicle sounds is presented below:    
A. Evaluation Environments 
Listening evaluations of automotive exterior sounds are 
usually conducted on-road or inside a laboratory.  On-road 
evaluations involve driving the “target vehicle” − the vehicle 
being evaluated − emitting a sound, in urban town scenarios 
such as parking lots, crossroads and junctions [1], [13]–[16] 
usually by reserving the test site to get no nearby traffic and 
very low background sound [13], [16], [17].  The participant 
usually sits on the pavement [1], [13], [14], [17] or 
occasionally stands as a pedestrian [15] and evaluates the 
sounds of the passing vehicle in real time while receiving 
visual and auditory stimuli  of the urban ambience [1], [13]–
[16]; sometimes with additional vehicles, and other sound 
sources [13], [15].  This resembles the real life pedestrian-
vehicle interactions where also a pedestrian experiences the 
electric vehicle’s sounds in the presence of the mentioned 
stimuli.  Here, due to the limited capacity of attention and 
human cognition, the pedestrian undergoes “divided attention” 
where his/her attention resources are divided among the 
various stimuli [18], [19].  Hence, on-road evaluations provide 
the correct context for evaluating vehicle sounds.  However, 
they do not provide control on external factors, such as, 
changes in the background sounds, visuals, traffic, and 
weather [13], [15].  Therefore, it is difficult to maintain 
consistency and repeatability in the results.  On-road 
evaluations also require long testing durations as it is difficult 
to maintain various driving conditions of the “target vehicle” 
while maintaining a similar ambience [13], [15].    
Laboratory evaluations follow a similar process but inside a 
controlled environment.  Here, a recorded vehicle sound is 
played in an anechoic room, usually using headphones or an 
array of speakers and participants’ response collected based on 
their listening  [1], [2], [14], [20]–[22].  This environment 
provides better experimental control [2], [14], [20]–[22] . 
Therefore, consistency and repeatability are improved and 
back-to-back comparative tests can be performed thereby 
reducing the experimental duration.  However, conventional 
laboratory listening tests/evaluations use a single stimulus 
(target vehicle’s sound) therefore they lack the appropriate 
context.  Here, the listener undergoes a “focused auditory 
attention” where his/her attention is focused on the target 
vehicle sound and information from other stimuli (if any) is 
ignored [18]. Evaluation of the sounds is influenced by the 
mode of processing information received from various stimuli 
during decision making, which in turn is affected by a 
listener’s state of attention [18], [19]. Thus, correct context is 
important for a listening evaluation to obtain results 
representative of real life situations. 
Using a more immersive virtual environment created by a 
simulator may provide advantages of both conventional on-
road and laboratory listening methods but none of the 
limitations. It can provide an appropriate context by 
simulating a realistic environment for pedestrian – vehicle 
interactions using sounds and visuals.  Simultaneously, the 
researcher can fully control the experimental conditions.  
                                                  
              (a)                            (b) 
                                     
Fig. 1.  Examples of visual scenarios available in Exterior Sound Simulator.  (a) Car park.  (b) Traffic junction. 
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Currently, most automotive “NVH” (Noise, Vibration and 
Harshness) applications of simulators create a virtual 
environment from a driver’s perspective [23]–[26].   The 
vehicle NVH simulators have been successfully used for 
evaluating vehicle interior sounds to assess impressions of  the 
vehicle brand by both experts (vehicle manufacturers and 
NVH engineers) and non-experts (general public as potential 
customers) [12], [23]–[25].   
The use of virtual environment simulators is very new for 
evaluating vehicles’ exterior sounds.  Brüel and Kjær have 
developed a new and one-of-a-kind software tool, namely, 
Exterior Sound Simulator (ESS) that simulates a virtual 
environment from a pedestrian’s perspective [27].  It has an 
in-built UK town model which includes various places where 
a pedestrian-vehicle interaction is likely, such as: car parks, 
crossroads and junctions with and without traffic lights, bus 
stops, streets, and market areas [2], [28] (figure 1).   
ESS uses “source decomposition technique” that facilitates 
the researcher to decompose a vehicle’s total sound into 
source based component sounds (e.g. engine harmonics, tire 
sound, wind sound, and alerting sounds from sound emitting 
devices).  These are stored as a vehicle’s sound model.  ESS 
also allows a researcher to create trajectories of a pedestrian’s 
and a vehicle’s maneuver in any chosen location of the virtual 
town.  The simulator software takes the sound model and the 
maneuver data as input and uses vector based amplitude 
panning for 3D sound rendering to accurately synthesize the 
visual and the sounds that the pedestrian will experience in the 
corresponding scenario. Detailed explanation of simulation 
algorithms are mentioned by its developers  [26], [27].  
The visuals when projected on screens and sounds when 
played through speakers in a listening room can help create a 
virtual environment where a person can experience vehicles 
like a pedestrian in real life. This simulated environment 
provides a more realistic context for exterior sound 
evaluations. 
B. Stimuli 
1) Stimuli selection 
In the past decade, the potential danger to pedestrians due to 
the quietness of electric and hybrid vehicles have gained 
worldwide recognition leading to research activities, such as 
accident data analysis, interviews, and cognitive walkthroughs 
with pedestrians including the visually impaired and 
orientation and mobility specialists [2], [28].  This has helped 
identify the most common scenarios for pedestrian-electric 
vehicle interactions that are critical to a pedestrian’s safety [2].   
The scenarios primarily include vehicle maneuvers at low 
speeds (below 15 ms-1) in locations such as roads, crossroads, 
T-junctions and parking lots [2], [28].  These scenarios are 
used in most on-road detection tests [1], [13]–[17] as they 
provide appropriate context for evaluations.   
The new sounds for the electric and hybrid vehicles must 
satisfy the legislative guidelines.  FMVSS recommends 
broadband low frequency sounds in the range 160 – 5000 Hz 
to enhance audibility [7].  GTR also recommends that these 
sounds include at least two 1/3 octave bands within the 
frequency range 50 Hz to 5 kHz [8].  FMVSS in US has fixed 
their minimum sound level as 49 dB(A) at idle, 52 dB(A) at 
reverse, 55 dB(A), 62 dB(A) and 66 dB(A) at 2.78, 5.56 and 
8.33 ms-1 (10, 20 and 30 km/h), respectively [7].  Japanese 
guidelines recommend limiting the sound level to that of a 
similar vehicle of the same category equipped with an internal 
combustion engine and operating at 5.6 ms-1 (20 km/h) [5].  
For the latest Japanese and European vehicles this level is 62 
to 66 dB(A) [1], [20].  
UNECE and Japanese guidelines prohibit using siren, horn, 
chime, bell and emergency vehicle sounds; alarm sounds e.g. 
fire, theft, smoke alarms; intermittent sound; melodious 
sounds, animal and insect sounds; and sounds that confuse the 
identification of a vehicle and/or its operation [5], [8]. 
The choice of sounds is also governed by the purpose of 
evaluation [11].  Evaluations of a set of candidate electric 
vehicle sounds involves comparing the sounds against one 
another on some evaluation criteria [2], [13], [16], [17].    The 
audibility and hence the detection rate of the sounds depend 
on psychoacoustic metrics such as A-weighted sound pressure 
level, “dB (A)” and frequency spectrum [7], [8].  Similarly, 
dB (A), loudness, sharpness, and roughness metrics closely 
relate to emotional evaluations of automotive sounds [10].  
Therefore, using sounds with sufficient variation in these 
metrics ensures these sounds will show enough variation in the 
evaluation scores for a relative comparison. 
  
2) Stimuli presentation 
During conventional laboratory detection tests of vehicle 
exterior sounds, a target vehicle sound is played as soon as a 
new experimental condition begins.  Therefore, the vehicle 
could be heard arriving at the listener’s position always after a 
fixed length of time and usually from a fixed direction [1], [2], 
[14], [20], [21].   This may result in a bias due to practice 
effects where the participants start expecting the arrival of the 
target vehicle at a fixed time.  This problem increases during 
detection tests using visual simulations, whereby a participant 
may associate the arrival of the vehicle with certain visual 
cues such as arrival at a crossroad.  Therefore, s/he may pay 
more attention to detecting a vehicle’s sound upon receiving 
those visual cues and may even falsely respond that s/he has 
heard a vehicle approaching because s/he expects the vehicle 
to arrive.  This form of bias is specific to all listening studies 
involving vehicle detection and may result in incorrect 
detection times of exterior sounds.  In real life, a target vehicle 
can approach a crossroad from any direction and at any time.  
These variations should be reflected in experimental designs, 
by altering the direction of approach and the arrival times of 
the electric vehicle to reduce expectation biases and make the 
scenarios more realistic.  This also allows their effect on 
participant evaluations to be examined. 
C. Measures  
Pedestrians’ safety and impressions of the vehicle brand are 
among the major criteria for evaluating electric vehicle’s 
exterior sounds (Section I). Therefore, the methodology 
should assess these criteria simultaneously.    
Most researchers use measures such as the “time-to-vehicle 
arrival” (the time from the first detection of the vehicle to the 
instance when the vehicle actually passes the pedestrian’s 
location) [2] and “detection distance” (distance between the 
vehicle and the pedestrian location at the moment the 
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pedestrian indicates detection) [1], [13], [16], [17], [21], [29] 
to assess the sounds for their safety risk to pedestrians.    
Several verbal descriptors are used to convey impressions 
of the vehicle brand from listening to its sound [10].   These 
verbal descriptors can be mapped into two or three dimensions  
of emotional evaluations that discriminates between the 
different types of car sounds [10], [30], [31]. The emotional 
dimensions have been found, and used, to distinguish sounds 
of different characters like − ‘luxury’, ‘sporty’; and sounds 
from different manufacturers [10], [30], [31]. Therefore, 
emotional evaluation of a vehicle upon listening to its sounds 
influences the assessment of the vehicle’s brand overall and is 
an important consideration for manufacturers during the 
vehicle design and production. Most sound quality researchers 
use two underlying dimensions of emotional evaluation - 
where one dimension describes the strength or the power 
aspect of the vehicle and the other describes the aspects 
related to comfort and pleasantness of the vehicle [10].  The 
dimensions ‘powerful’ and ‘pleasant’ were developed after 
factor analysis of a large number of verbal descriptors for car 
sounds and together they explained 70% of the variance in 
emotionally evaluating numerous car sounds [30]. These 
dimensions are widely used for emotionally  evaluating a 
vehicle based on its sounds [10], [30]–[32]. 
D. Measurement Scales 
To measure detection time/distance, participant  usually 
raise hands when they hear the target vehicle and a video 
recording of the experiment gives an approximate distance of 
the vehicle [1], [14], [16].  Some researchers record the  
detection time more accurately using a push button, but use an 
array of photo sensors or road markers to approximate the 
vehicle’s position when detected [13], [17].  A more accurate 
measurement method along with the facility to record multiple 
detection times is required.       
The dimensions used for emotional evaluation of vehicle 
sounds, such as powerful and pleasant are usually independent 
dimensions [30]. Therefore, the measurement scale for 
emotional evaluation should provide an independent measure 
of each attribute.  The measurement scale must also provide a 
relative rating of the set of sounds used during a particular 
evaluation experiment.  This is because there are numerous 
vehicle brands and a person without an automotive 
background is unlikely to know all automotive sounds in 
existence, thus making comparisons, on an absolute scale, 
difficult.  Therefore, automotive sound quality evaluations are 
essentially relative ratings of the candidate vehicle sounds 
[11]. The measurement scale must provide interval level data 
so that inferential statistics can be performed.  If a 
measurement scale satisfies these necessary criteria then a 
suitable method can be chosen considering further optional 
criteria: the shortest duration of evaluation, ease of performing 
task, and options to measure an experiment’s reliability.   
Five measurement scales, namely, paired comparison, rank 
order, magnitude estimation, response scales, and semantic 
differential, are most widely used during subjective 
evaluations of automotive sounds.  Otto et al. (1999) discuss 
the advantages and disadvantages of each method [11]. Based 
on the information provided by [11], table 1 summarizes how 
these methods rate on the discussed criteria. 
Out of these methods, numbered response scales and 
semantic differential are deemed appropriate as only these 
scales satisfy all the necessary criteria for sound quality 
evaluations.  Namely, they provide an independent measure 
per attribute, interval level data and have a potential to provide 
relative rating of sounds.  These scales can be improved to 
provide a relative rating, if the participants are familiarized 
beforehand with the target car sounds to give them an idea of 
the variety of sounds used.  Then, they should be instructed to 
make a relative assessment of the sounds based on their 
exposure to the sound variety.  
If a numbered response scale is used for measuring an 
attribute, the meaning of the left end of the scale is unclear.  
Participants may perceive the extreme left end to mean either 
‘neutral’ i.e. not having the attribute being measured, or 
‘negative’ i.e. having the opposite attribute.  Semantic 
differential scales are like numbered response scales but with 
bipolar adjectives at the opposing ends of the scale. This 
makes the scale bi-directional where it is clear that the middle 
point stands for neutrality and the left and right ends are 
opposing attributes.  The inter-participant variability is also 
less in semantic differential scales [11].  These scales avoid 
the “pseudoneglect” effect, which is the bias due to attention 
to the left or right hand side of the scale [33]. They also help 
reduce the “acquiescence bias”, which is the tendency to agree 
with statements [33].     
Scale order and format may also influence responses if they 
are altered between experimental conditions, as they may 
potentially confuse participants [33]. The scale format has 
changed if negative semantics are placed on the left end of the 
scale, and then on the right end of the scale.  By fixing the 
scale order and format of the semantics for all experimental 
conditions for a participant, any acquiescence or 
pseudoneglect bias can be monitored which may otherwise 
remain unobserved.  
Semantic differential scales, however, do not directly give a 
measure of an experimental method’s reliability, which is the 
ability of obtain the same results if the experimental 
conditions are repeated. By repeating an experimental 
condition and then comparing the two data sets, the reliability 
can be estimated. 
TABLE I 
RANKING OF MEASUREMENT SCALES BASED ON THE SELECTION CRITERIA 
 PC RO ME NRS SD 
Independent 
measure 
per attribute   
Yes Yes Yes Yes Yes 
Relative  
rating 
Yes Yes No May be May be 
Interval level 
Data 
No No Yes Yes Yes 
Duration of  
evaluation 
5th 
(longest)  
1st  
(shortest) 
2nd 3rd 3rd 
Ease of  
participant  
task 
1st 
(easiest) 
2nd  5th (most 
difficult) 
3rd 3rd 
Measures of  
reliability 
Yes No No No No 
 
aPC = paired comparison, RO = Rank Order, ME = Magnitude Estimation, 
NRS = Numbered Response Scale, SD = Semantic Differential. 
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E. Proposed methodology 
The methodology proposes a way to holistically evaluate 
electric vehicle exterior sounds by suggesting an experimental 
approach that takes into account detectability and emotional 
evaluation of sounds. For this purpose, the methodology 
proposes an experimental set up that includes: 
1) Immersive virtual environment(s) to provide the context 
of a real life pedestrian-vehicle interaction(s), 
2) Traffic scenario(s) that are critical to pedestrians’ safety 
(e.g. electric car moving at low speeds in parking lots, T-
junctions, and crossroads),   
3) Ambient sounds that represent real life urban 
environments, 
4) Target vehicle’s sounds that satisfy legislative guidelines. 
5) Detection time measurement method that has options for 
recording many instances of detections. 
The methodology further proposes randomized variations in 
the target vehicle’s maneuver such as the vehicle’s approach 
direction and time of arrival during the experiment.  It also 
recommends familiarizing participants with target vehicle 
sounds prior to the experiment and using valid and reliable 
scales for emotional evaluations such as semantic differentials.  
III. EXPERIMENT 
A. Aim 
The aim of the experiment was to test the proposed 
methodology in a virtual environment of a town’s T-junction, 
using an Exterior Sound Simulator.  
B. Participants 
People were recruited as participants if they were 18 years 
or older and if they reported no known hearing problems or 
uncorrected visual impairment.   Data was obtained from 31 
participants, 19 males and 12 females with the modal age 
group of 26-35 years, comprising the staff and students from 
the University of Warwick. 
The study was designed for repeated measures ANOVA.  
Software G*Power 3.1.4 [34] gave 24 as the minimum number 
of participants required for this analysis, to achieve a 
minimum statistical power of 0.8 [35] at α-error probability of 
0.05 with a medium effect size, f= 0.25 [35].  However, use of 
balanced Latin square (section III F) required 31 participants 
for complete counterbalancing of presentation order of sounds.   
C. Evaluation Environment 
Experiments were conducted using simulations of the 
virtual town created by Exterior Sound Simulator (ESS) inside 
a sound room located at WMG, at the University of Warwick.  
The sound room is a closed room with three screens and eight 
floor speakers arranged in a regular octagon (figure 2).   
A participant was seated on a chair at the center of this 
octagon.  The visuals synthesized by ESS were projected on 
screens and the sounds were played through the speakers.  
Before the experiment, the soundroom speakers were 
calibrated.  For this, the same chair, as used during 
experiments, was placed at the centre of the floor speaker 
octagon.  A team member connected the ESS audio output to 
each speaker one at a time and played an 80 dB sine wave 
from the simulator’s pure tone generator.  Another team 
member sat on the chair and recorded the sounds produced at 
his ears using binaural headphone microphones.   The speaker 
volume gain was adjusted to match the sound level produced 
at the ear’s position.  Later, the ESS audio output was set to all 
speakers and the total sound level produced at the ear’s 
position was checked.  The eye height for ESS visuals was 
entered as 1.6 metres.  So every participant saw the visuals as 
seen by an upright pedestrian with eye height 1.6 metres.   
D. Stimuli 
Thirty experimental conditions were designed using every 
combination of 15 audio and 2 visual stimuli. 
1) Visual stimuli 
The visual stimuli are described below as a combination of 
a virtual town location (T-junction), the pedestrian’s 
maneuver, and the target vehicle’s maneuver.  
Virtual town location: The participant was exposed to a 
straight road ending in a T-junction with no traffic lights 
and no visible traffic (figure 3).         
Pedestrian’s maneuver: The participant was the pedestrian 
and s/he experienced himself/herself as walking along the 
pavement at a constant speed of 1.34 ms-1 (3 mph).  After 10 
seconds of walking s/he arrived at the junction and waited 
there until the target vehicle passed by (figure 3).  
Everything that a participant saw corresponds to the things 
that the pedestrian would see when carrying out this 
maneuver.  For example, when walking along the pavement 
the participant saw the objects of the virtual town move 
opposite to his/her direction of motion.  Similarly, when the 
pedestrian paused at the junction, the participant saw the 
visuals pause at the junction as would be seen by the 
pedestrian.  The view the participant saw was restricted by 
buildings on either side of the road (figure 4). 
Target vehicle’s maneuver: An electric car started from a 
distant off-screen position on the road perpendicular to the 
pedestrian’s pavement which they were currently walking 
up.  It moved at a constant 4.47 ms-1 (10 mph) speed.  The 
target car arrived at the junction appearing on screen at one 
of three arrival times from the start of the visuals; 21.4 
seconds, 29.7 seconds or 36.6 seconds.   In visual stimulus 
1 the car approached the junction from the pedestrian’s left 
 
 
Fig. 2.  Schematic layout of the sound room.  
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hand side along the lane farther away from the pedestrian’s 
standing position.  The lane was situated at a perpendicular 
distance of 5.5 meters from the pedestrian’s standing 
position.  In visual stimulus 2, the car approached from the 
pedestrian’s right hand side along the nearer lane situated at 
a distance of 3 meters form the pedestrian.  Figure 3 shows 
the layout for both visual stimuli together. 
2) Audio stimuli 
The focus of this study was to test the proposed 
methodology and not to validate or create new sounds.  
Therefore, fifteen sounds synthesized from engine 
recordings, pure tones signals and tire sounds were used as 
the target car’s exterior sounds (sound 1 to 15, table 2).   
Their equivalent sound pressure level was in the range of 
51 to 61 dB(A) which complies with the combined dB(A) 
range specified by FMVSS and AVAS guidelines. All 
sounds were broadband with at least 1 signal in the range 
160 – 5000 Hz so that they complied with the standards of 
FMVSS and GTR. In accordance with vehicle standards 
none of these sounds resembled siren, horn, chime, bell, 
alarm, animal and insect sounds.  However, two sounds 
(Sound 5 and 6) were melodious sounds.  An 18 seconds, 
42 dB(A) binaural recording made in a parking space was 
played in a loop as ambience soundscape for every 
stimulus.  To match the visual scenario, this ambience 
soundscape included sounds of regular bird chirping and 
light winds, and some occasional distant traffic.  No moving 
vehicle was visible during the actual sound recording thus; 
there were no noticeable sound of nearby vehicles.   
E. Measures 
1) Detectability  
Participants were asked to indicate as soon as they detected 
a car, visually or aurally, by pressing a scale on an interface 
(first scale, figure 5).  Detectability was evaluated using 
‘time-to-vehicle arrival’ which is defined here as the time in 
seconds taken by the target car to appear on screen from the 
instant it was detected by the participant.  It was calculated 
by subtracting the time when the participant pressed the 
scale from the time the car appeared on screen.  In order to 
eliminate negative values, the time-to-vehicle arrival was 
given a value of zero whenever a participant did not press 
the detection scale or pressed the scale after the car 
appeared on screen. 
2) Emotional evaluations 
Participants were asked to emotionally evaluate impressions 
of the electric car from listening to its sounds using 7-point 
semantic differential scales of “weak – powerful” and 
“unpleasant – pleasant” [30] (figure 5).  
3) Feedback 
After the experiment, participants were asked to: “provide 
feedback on their experience of the experiment and 
suggestions, if any, to improve the experiment.” 
TABLE 2 
PSYCHOACOUSTIC METRICS OF THE SOUNDS USED IN EXPERIMENTS 
Sound SPL 
(dB(A)) 
Loudness 
(sones) 
Sharpness 
(acum) 
Roughness 
(asper) 
Sound 1 55 5.8 1.46 0.46 
Sound 2 54 4.8 0.41 0.09 
Sound 3 55 5.8 0.36 0.04 
Sound 4 48 7.7 0.75 0.31 
Sound 5 61 9.9 0.52 0.01 
Sound 6 52 5.5 0.52 0.06 
Sound 7  55 7.2 1.08 1.72 
Sound 8 53 6.2 0.43 0.00 
Sound 9 51 6.1 0.59 0.41 
Sound 10 51 6.2 0.81 0.50 
Sound 11 52 6 0.52 0.38 
Sound 12 60 8.8 1.19 0.50 
Sound 13 57 9.8 0.98 1.84 
Sound 14 58 9.3 0.52 0.22 
Sound 15 52 7.9 0.79 0.14 
Ambience 42 4.4 0.99 0.15 
 
 
 
Fig. 3.  Schematic layout of the visual scenario.  Red dotted lines indicate a 
pedestrian’s path as experienced by a participant.  Green solid lines indicate 
target vehicle’s path for visual stimulus 1 (“V1”) and visual stimuli 2 (“V2”).  
 
 
Fig. 4.  The sound room set-up during the experiments.  
 
 
Fig. 5.  Evaluation interface.  
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4) Method of data collection 
Participants were given an electronic touch screen tablet 
with the evaluation interface developed within ESS (figure 
5).  The current ESS facility supports interfaces with scales 
but not touch buttons.  Therefore, a detection scale was used 
to record the time of vehicle detection.  Participants were 
instructed to first slide the detection scale (first scale in the 
interface) to any value by moving the center button of the 
slider as soon as they heard or saw a vehicle approaching.  
If they later thought they had incorrectly perceived hearing 
the car or moved the scale mistakenly, they were instructed 
to slide the detection scale again when they thought they 
started hearing the car.1    The interface recorded the time of 
every instance a participant pressed or moved the scale with 
a least count of 0.01 seconds.  The time-to-vehicle arrival 
was calculated using the recorded time when the participant 
last pressed the detection scale.  After detection, they were 
instructed to rate the impressions of the car from listening to 
its sounds by sliding the powerful and pleasant scales to a 
value 1 to 7. 
F. Experimental Design 
A repeated-measures design was selected for this study 
because it is the most convenient for perception research. This 
is because such research requires extensive lab set-up and 
preparation of the different stimuli, and much less time to 
expose participants to different stimuli one after another [36]. 
This design also eliminated the requirement of having 
equivalent groups [36].   
The first experimental condition, the target car emitting 
sound 1 and approaching from pedestrian’s left hand side, was 
repeated for every participant to measure experiment’s 
reliability.  Therefore, each participant was exposed to 31 
experimental conditions.   
Exposure to a fixed sequence of experimental conditions 
may bias the results due to practice effects (participants 
become more experienced and better at the task as the 
experiment proceeds), and fatigue effects (participants get 
tired as the experiment proceeds).  The presentation order of 
the experimental conditions was randomized using the 
‘balanced Latin square’ method to control such effects [36].  
Randomizing the direction of approach and arrival time of 
the car increased the validity of the experiment to represent 
real life scenarios of pedestrian-vehicle interaction. The arrival 
time (time from the start of the visual stimulus to when the car 
appeared on screen), was counterbalanced for each target 
sound across participants, but not within the participants. This 
is because presenting each target sound at every arrival time 
for every participant would have increased the experimental 
conditions to 90 thereby increasing the experimental duration.  
The presentation order of scale items was fixed by keeping 
positive adjectives - powerful and pleasant on the right and 
negative adjectives - weak and unpleasant on the left for the 
first 16 participants.  The scales were reversed for the rest.      
 
1This was done because during pilot testing using two participants (1 male, 
1 female), both of them commented that they thought they had heard the car, 
pressed the scale, and later realized that the sound was another sound in the 
ambient soundscape rather than the target car’s sound. 
G. Procedure 
The experiment was performed on each participant one at a 
time in the following manner.  The whole study lasted about 
40 minutes.   
1) Participant sat at the center of the sound room’s floor 
speaker arrangement (see figure 2).  A written informed 
consent was obtained from the participant.   
2) S/he reported his/her demographics.  Pilot studies done on 
ESS showed that a participant may occasionally experience 
moderate “simulator sickness” [37].  Therefore, if and only if 
the participant self-reported as feeling “well” s/he was allowed 
to proceed.    
3) S/he was briefed about the experiment. 
4) Seven second clips of the 15 target car sounds were played 
in the absence of the ambient soundscape followed by the clip 
of ambient soundscape played separately to familiarize the 
participant of the variety of sounds used in this experiment.  
5) Since the participant had heard the type of sounds used for 
the target car, s/he was instructed to detect these sounds 
without considering if these sounds could be recognized as 
emanating from a car.   
6) S/he was instructed to detect the car aurally or visually and 
then make a relative rating on the two semantic scales of the 
emotional evaluation of the target car based on its sound.  
7) S/he was exposed to a trial car for practice followed by the 
exposure to the experimental conditions and s/he completed 
the task. 
8) S/he was thanked, debriefed and feedback was collected. 
IV. RESULTS 
A. Error in Detection 
Data recorded by interface shows that 68 % participants (21 
out of 31) needed to press the detection scale more than once.  
This indicates that there is a high probability that listeners may 
detect a target sound incorrectly.  
B. Reliability 
Paired t-tests found no significant difference between the 
powerfulness ratings, t(30) = -.97, p>.05; pleasantness ratings, 
t(30) = .53, p>.05, and the time-to-vehicle arrival, t(30) = -.77, 
p>.05, of the target car upon participants’ repetition of  the 
same experimental condition.  Thus, the experimental methods 
were reliable. 
The data collected from the repeated experimental condition 
was combined and its mean was used for further analysis.    
This data satisfied all assumptions of parametric tests that 
were used to determine the effect of the arrival time, direction 
of car’s approach and the target car sound. 
C. Effect of Arrival Time 
Since, each target sound could not be presented at every 
arrival time for every participant; repeated measures ANOVA 
could not be performed directly on the original repeated 
measures data using arrival time as an independent variable.   
Therefore, in order to check the effect of arrival time the 
repeated measures data was converted into an equivalent 
independent group design by treating every data as 
independent.  ANCOVA was used for analysis to eliminate the 
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effect of individual differences by using the participant ID as a 
covariate.  The data satisfied all assumptions of ANCOVA. 
Three independent group ANCOVAs were performed using 
arrival time as the independent variable, participant ID as the 
covariate, and powerfulness, pleasantness and time-to-vehicle 
arrival as dependent variables.   
The covariate participant ID was not significantly related to 
the powerfulness score F(1, 926) = 3.31, p>.05, r = .06.  There 
was a significant effect of arrival time on powerfulness score 
after eliminating the effect of individual differences, F(2, 926) 
= 3.74, p<.05, partial  η2 = .008.  Planned contrasts revealed 
that arrival time of 36.55 significantly decreased powerfulness 
scores compared to arrival time of 21.43, t(926)= 2.7, p<.05, 
r= .09, but not compared to arrival time of 29.69, t(926)= .99, 
p>.05, r= .03. Thus, the later the car arrived, the less powerful 
it was perceived to be. 
The covariate participant ID was significantly related to the 
pleasantness score F(1, 926) = 4.77, p<.05, r=.07.  There was 
no significant effect of arrival time on pleasantness score after 
eliminating the effect of individual differences, F(2, 926) = 
2.85, p>.05, partial  η2 = .006. 
The covariate participant ID was not significantly related to 
time-to-vehicle arrival, F(1, 926) =1.52, p>.05, r=.04.  There 
was a significant effect of arrival time on time-to-vehicle 
arrival after eliminating the effect of individual differences, 
F(2, 926) = 28.25, p<.05, partial  η2 = .06. .  Planned contrasts 
revealed that arrival time of 36.55 significantly decreased the 
time-to-vehicle arrival compared to arrival time of 21.43, 
t(926)= 7.51, p<.05, r= .24, and also compared to arrival time 
of 29.69, t(926)= 3.42, p < .05, r= .11. Thus, the later the car 
arrived, the slower it was detected (lower time-to-vehicle 
arrival).  
D. Effect of Car’s Sound and Direction of Car’s Approach 
Arrival time had no significant effect on the pleasantness 
scores.  Therefore the data for the three arrival times were 
combined and the effects of the target sound and the direction 
of car’s approach on pleasantness were calculated using 
repeated measures ANOVA with target sound and car’s 
approach direction as independent variables and pleasantness 
scores as dependent variable.  Arrival time however, did 
significantly decrease the powerfulness scores and time-to-
vehicle arrival.  Thus, the data was grouped into three sets for 
each arrival time and separate independent group ANCOVAs 
were performed for each group using powerfulness scores and 
time-to-vehicle arrival as dependent variables; target sound 
and car’s approach direction as independent variables and 
participant ID as covariate.      
 Mauchly’s test indicated that the assumption of sphericity 
had been violated for the main effects of target car’s sound on 
powerfulness, pleasantness, and time-to-vehicle arrival, p < 
.001.  Therefore, these results have been reported after 
applying Greenhouse-Geisser correction (ε = .53).  
There was a significant effect of the target car sound on the 
pleasantness score, F(7.43, 222.78) = 21.69, p<.001.  
However, there was no significant effect of the car’s approach 
direction on the pleasantness score, F(1, 30) = 1.87, p>.05.   
1) For arrival time 1: 
The covariate participant ID was not significantly related to 
the powerfulness score F(1, 279) = 1.95, p>.05 or to the 
time-to-vehicle arrival F(1, 279) = 1.11, p>.05.  After 
eliminating the effect of individual differences, the 
powerfulness scores were significantly affected by the 
target car’s sound, F(14, 279) = 5.24, p<.05; and direction 
of car’s approach, F(1, 279) = 5.98, p<.05.  Paired 
comparisons revealed that the target car was perceived as 
more powerful when approaching from the right, i.e., when 
it passed by along the lane further away from the 
pedestrian’s position. 
Similarly, the time-to-vehicle arrival were significantly 
affected by the target car’s sound, F(14, 279) = 50.43, 
p<.05; and direction of car’s approach, F(1, 279) = 7.12, 
p<.05.   Paired comparisons revealed that the target car was 
detected faster (higher time-to-vehicle arrival) when 
approaching from the right, i.e., when it passed by along the 
lane further away from the pedestrian’s position. 
2) For arrival time 2: 
The covariate participant ID was not significantly related to 
the powerfulness score F(1, 279) = .37, p>.05 or to the 
time-to-vehicle arrival F(1, 279) = .80, p>.05.  After 
eliminating the effect of individual differences, the 
powerfulness scores were significantly affected by the 
target car’s sound, F(14, 279) = 7.35, p<.05; and direction 
of car’s approach, F(1, 279) = 6.66, p<.05.  Paired 
comparisons revealed that the target car was perceived as 
more powerful when approaching from the right. 
Similarly, the time-to-vehicle arrival were significantly 
affected by the target car’s sound, F(14, 279) = 29.93, 
p<.05; but not by the direction of car’s approach, F(1, 279) 
= .35, p>.05.   
3) For arrival time 3: 
The covariate participant ID was not significantly related to 
the powerfulness score F(1, 279) = 1.81, p>.05 or to the 
time-to-vehicle arrival F(1, 279) = 1.85, p>.05.  After 
eliminating the effect of individual differences, the 
powerfulness scores were significantly affected by the target 
car’s sound, F(14, 279) = 6.59, p<.05; and direction of car’s 
approach, F(1, 279) = 5.85, p<.05.  Paired comparisons 
revealed that the target car was perceived as more powerful 
when approaching from the right. 
Similarly, the time-to-vehicle arrival were significantly 
affected by the target car’s sound, F(14, 279) = 24.87, p<.05; 
but not by the direction of car’s approach, F(1, 279) = .92, 
p>.05.    
E. Feedback 
All participants reported enjoying the experiments.  No 
participant suggested improvement in the experimental design.  
However, before the experiment began, many participants 
were confused about the use of semantics powerful and 
pleasant.  In particular, they found the semantic ‘pleasant’ 
unusual and asked for an explanation on how it relates to an 
electric car that emits a sound that is supposed to warn 
pedestrians of the vehicle approach.  Many participants 
reported finding the detection task difficult as they got 
confused with the background sound; hence they pressed the 
scale multiple times.  Some participants considered they 
would feel more confident about their results if they could 
evaluate the detectability of sounds subjectively on a 7-point 
scale in addition to recording the ‘exact’ time when the car 
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was detected.  Participants commented that some sounds used 
in this experiment did not seem likely to be emanating from a 
vehicle.  Therefore even though they detected these sounds 
during the experiment, they did not think they would 
recognize them as vehicle sounds in real life.  They 
particularly emphasized including vehicle sound recognition 
as a key parameter for future vehicle sound evaluations. 
V. DISCUSSIONS  
This study aimed at proposing and testing a methodology for 
evaluating electric vehicle exterior sounds, but did not aim to 
create or design new sounds.  So, the target car sounds were 
chosen only as samples to demonstrate the implementation of 
the methodology.  To account for the unrepresentative stimuli, 
this paper presents and discusses the results concerning the 
basic aspects of methodological design rather than the results 
of differences and comparisons among sounds. The latter 
results are available in the authors’ previous paper [38]. 
A. Discussion of Experimental Results 
Analyses showed that aspects of the methodological design 
of detection and emotional evaluations of electric vehicle 
exterior sounds are influential in the produced results. 
Therefore, care is needed in the design of these studies, by 
considering factors such as participant errors, arrival time and 
direction of approach of the target car, and the type of target 
car sound. This is important as they impact on the detectability 
and evaluation of the car’s powerfulness and pleasantness.  
Results showed that participants used the detection scale 
more than once, thus self-reporting that they made errors in 
detecting.  This could be because of the ‘unrecognizability’ of 
these sounds as car sounds resulting in false detections. 
Therefore, whenever there were spikes in the ambient 
soundscape, from another sound being introduced; participants 
assumed it was the start of the electric car sound, when in fact 
it was the sound of wind and leaves. Listening tests should 
include a facility for participants to reevaluate their 
detectability decisions, such as the option in this study for re-
recording their car detection time.  ESS helps in achieving this 
as participants can interact with the scales and record times of 
detection as well as the semantic scores continuously till they 
are satisfied with their evaluations. This is also supported by 
the fact that participants preferred a semantic scale evaluating 
the car’s detectability in addition to recording the time they 
detected the car. The reason they gave for this was that they 
felt more confident about the results they provided on a 
subjective scale than the detection time.      
The detection of a car was affected by the car’s arrival time; 
later the car arrived, the slower it was detected.   This has 
implications from conventional listening test methods, where 
the car sound to be detected is present from the very beginning 
of the stimulus [1], [2], [14], [20], [21], and participants over 
time can expect to hear the car from the very beginning.  This 
expectancy bias is also indicated by the participants’ false 
detections made towards the beginning of the presentation of 
each experimental condition.  Reduced expectations and 
decreased attention caused the participants to detect the car 
slower as time when on in a particular experimental condition. 
Although powerfulness scores are affected in a similar way the 
effect size is too small to comment on it.  
Evaluation of pleasantness of the car is not affected by the 
arrival time or the direction of car’s approach. However, no 
particular inferences can be drawn from it as many 
participants were confused about using “pleasant” as an 
attribute for evaluating an electric car based on a sound that is 
meant to warn pedestrians of its approach.  This also explains 
the significant differences found among the participants while 
evaluating the pleasantness of the target car. 
The semantic “pleasant” is traditionally used for assessing a 
combustion engine vehicle based on its sounds [10], [30]–
[32].  The new sounds for electric vehicles are being 
developed to alert the pedestrians of the vehicle’s approach.  
Therefore, participants could have evaluated the target car 
while associating its sounds as a warning sound, such as a 
horn or alarm, rather than a sound that is intrinsic to the car as 
in a combustion engine vehicle.  Thus, they were unable to 
relate the word ‘pleasant’ to such a car.    A reframing of the 
study to put an emphasis on safety or on the vehicle brand 
from a potential consumer perspective may avoid confusion 
regarding the use of the semantic ‘pleasant’.  Appropriate 
semantics need to be used for the context of electric vehicle 
sounds.  More semantics may be necessary when trying to 
compare safety and brand in the same study.    
The results found that a car was evaluated as more powerful 
when approaching from the right. Sound quality research 
shows strong correlations between the evaluation of 
powerfulness and the loudness level of the sound [10].  In this 
study, the reported sound level is an average of the sound 
played to the participant, when the car approached from the 
left and from the right. However the actual sound heard was 
louder when the car approached from the right. This is because 
in the experimental design the distance between the target car 
and the pedestrian’s position was shorter when the car 
approached from the pedestrian’s right hand side, as it was 
moving on a lane nearer to the pedestrian (figure 3). Given the 
existing loudness-powerfulness relationships, this would 
explain why participants perceived the sounds of the cars 
approaching from the right as more powerful.  In future, 
psychoacoustic metrics of the target car’s sound for both 
direction of approach will be analyzed separately.  This would 
enable examining the relationship between these metrics and 
emotional evaluation scores, to help explain this result. 
These results further indicate that conventional listening 
tests that use fixed arrival and direction may bias results.    A 
detection test could be made more realistic by varying these 
factors, but the results must be analyzed whilst accounting for 
the effect of these factors. 
Overall the experiment demonstrated a successful 
application of simulated environment for conducting 
simultaneous detection and evaluation tests.   
B. Review of the Proposed Methodology 
The proposed methodology constitutes using simulated 
environments for pedestrian-vehicle interactions and 
conducting listening experiments using the principles of 
experimental design and cognitive psychology.  This 
methodology is applicable to all simulators that present virtual 
environments from a pedestrian’s perspective.  Conventional 
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listening tests aim to measure the detection distance or time of 
the electric vehicle sounds to assess pedestrians’ safety.   The 
presented methodology aims for a more holistic evaluation 
where the electric vehicle sounds could be simultaneously 
tested for detectability to assess pedestrians’ safety and 
emotional evaluations to assess the impressions of the vehicle 
brand.   The proposed methodology is free from any 
expectancy biases that are present in conventional evaluations 
methods that use fixed arrival time and direction of the target 
vehicle.  Moreover, the results from this methodology are 
more representative of real life as the participants experience 
the vehicles in the presence of appropriate visual and audio 
stimuli.  The methodology is reliable as the overall 
experiments show repeatability.  
However, the methodology could be further improved by 
using more appropriate and valid semantics for assessing the 
impressions of the vehicle brand. Furthermore, it needs testing 
using more representative sounds being developed by 
conventional electric and hybrid vehicle manufacturers. The 
present methodology could be enhanced by adding tests for 
recognizability of the target sounds as a vehicle and 
detectability assessments using subjective scales.     
Currently, the motion of standing and walking is different, 
but without further equipment capabilities (e.g. a moving 
walkable on the spot floor) this correction is not possible, and 
it is not considered to have been detrimental to the results. 
C. Future Studies 
Future studies will use sounds developed by electric car 
manufacturers.   The Exterior Sound Simulator provides 
options to create more visual scenarios, use different ambient 
sounds and additional vehicles as traffic.  Future studies will 
explore these options to study how ambient sounds and 
additional vehicles affect the evaluation of an electric vehicle 
based on its sounds.  The evaluations using simulation will 
also be compared with real life evaluations to assess the 
external validity of the proposed methodology.  Future studies 
will also test aspects such as recognition of the sounds as 
emanating from a vehicle and assessment of pedestrians’ 
safety using both subjective evaluations and measuring the 
time or distance of vehicle detection. 
VI. CONCLUSIONS 
A methodology has been proposed for conducting 
evaluations of an electric vehicle’s exterior sound by 
enhancing state-of-the-art listening evaluation approaches 
using principles from experimental design and cognitive 
psychology.  The methodology constitutes experiments to 
assess pedestrians’ detectability and emotional evaluation of 
an electric vehicle upon listening to its sound in a simulated 
town environment representative of real life pedestrian-vehicle 
interactions. The methodology’s prime focus is to make the 
evaluations more realistic so that results are representative of 
real life experiences.  This requires the context of the common 
scenarios of pedestrian-electric vehicle interactions that are 
critical to pedestrians’ safety and random variations in the 
vehicle’s arrival time, distance and approach direction 
throughout the experiments.  Moreover, ambient sounds 
should represent real life urban environments and the target 
vehicle sounds must satisfy the legislative guidelines.  
The proposed methodology is an improvement over 
conventional listening test approaches. This is because; 
simulators present a more realistic context of pedestrian-
vehicle interactions than conventional laboratory listening 
methods.  At the same time, researchers have much better 
experimental control than conventional on-road evaluations. 
Secondly, conventional listening tests only focus on 
measuring the detection distance or time of the electric vehicle 
sounds. Whereas the proposed methodology achieves a more 
holistic evaluation by testing the electric vehicle sounds for 
both detectability to assess pedestrians’ safety and emotional 
evaluations to assess the impressions of the vehicle brand.  
Moreover, the proposed methodology is internally valid, 
reliable and free from any expectancy bias present in 
conventional evaluation methods that use fixed arrival time 
and direction of the target vehicle.  However, the methodology 
could be improved and more studies will be conducted to 
enhance the methodology.     
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